In situ hybridization at the ultrastructural level can be carried out using three different methods: on vibratome sections before embedding in epoxy resin, on ultra-thin frozen sections, or on ultra-thin sections of tissues embedded in hydrophilic resin such as Lowiayl. With the purpose of comparing the sensitivity, resolution, and ultrastructural preservation of these three methods, we examined the expression of the growth hormone (GH) gene in anterior pituitary cells by in situ hybridization at the ultrastructural level, using a synthetic oligonucleotide complementary to the codons of the mRNA from Gln 45 to Ser 54 labeled at the 3' end of biotin-2ldUTP. All these methods gave similar results: mRNA was located on the lamellar endoplasmic reticulum of somatotrophs. The pre-embedding method gave the best ultrastructural preservation, with low resolution with the en-
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In ttoduction
Immunocytological studies have shown that growth hormone (GH) is synthesized in cells of the pituitary gland called somatotrophs and is stored in secretory granules. Although the presence of GHlike immunoreactivity (GH-LI) in somatotrophs has been observed with all the techniques described below, the localization of immunoreactivity was not exactly the same in each case. Using preembedding methods (Dachew and Dubois, 1976) or ultra-thin frozen sections (Hemming et al., 1989) , immunoreactivity could be detected in the secretory granules where GH is stored, as well as in the endoplasmic reticulum where GH is synthesized. After embedding, using hydrophilic (Roson and Beiras, 1991) or epoxy (Li et al., 1977; Moriarty, 1973; Nakane, 1970) 
resins, GH-LI was
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zymatic detection system and an intermediate sensitivity. A probe concentration of 10 pmollml was suficient to obtain a signal. With this method gold particles could not be used without pre-treatment. The frozen section method gave the best sensitivity (a signal was observed with 4 pmollml of probe) but the lowest ultrastructural preservation. On ultrathin Lowicryl sections, resolution was as high as with the frozen-section method, ultrastructural conservation was intermediate, and sensitivity was low. These results indicate that the last method seems to be a good compromise between sensitivity and ultrastructural preservation. (]Histo-&em Cytochem 40:979-986, 1 9 2 ) KEY WORDS: In situ hybridization; Growth hormone; Somatrophs; Pituitary gland; Electron microscopy. restricted to secretory granules. In all cases the fixative used limited the density of the immunoreactivity detected. The detection of mRNA at the ultrastructural level by in situ hybridization was first described by Jacob et al. (1971) . This method has been further developed and has provided new information concerning the localization of mRNA Uirikowski et al., 1990; Le Guellec et al., 1990; Trembleau et al., 1990; Morel et al., 1989a; Singer et al., 1989; Webster et al., 1987) , the regulation of transcription (Morel et al., 1989b) , and the different sites of mRNA localization after gene mutation (Guitteny and Bloch, 1989) . Other authors have observed that mRNA could be located where the protein was utilized (Le Guellec et al., 1991; Singer et al., 1989; Webster et al., 1987) and that the nucleolus could play a role in the moving of mRNA (Cochrane et al., 1990; Le Guellec et al., 1990) . In situ hybridization was carried out in different ways: pre-embedding (Pomeroy et al., 1991; Trembleau et al., 1988 Trembleau et al., ,1990 Brangeon et al., 1989; Guitteny and Bloch, 1989; Wolber et al., 1989) . ultra-thin frozen sections (Morel et al., 1986 (Morel et al., ,1989a , or post-embedding (Le Guellec et al. 1990 Guellec et al. ,1991 Jirikowski et al., 1990; Exaig-Haye et al., 1989; Webster et al. 1987; Binder et al., 1986) methods, and for different purposes such as the detection of viral nucleic acids (Troxler et al., 1990; Puvion-Dutilleul and Puvion, 1989; Wolber et al., 1989) , rRNA (Escaig-Haye et al., 1989; Thiry et al., 1989) , or mRNA (Le Guellec et al., 1990; Bembleau et al., 1990; Guitteny and Bloch, 1989; Morel et al., 1989a,b; Singer et al., 1989; Tong et al., 1989) which do not require the same sensitivity. Because of this it is impossible to compare the three methods. The aim of this work was to compare them by detecting GH mRNA with the three different approaches in the same rat pituitary sample, using the same biotinylated oligodeoxynucleotide probe. Thereafter, by examining the results, we were able to compare the three techniques in terms of specificity, sensitivity, resolution, and cytological preservation.
Materials and Methods

Animals
Adult male Wistar rats (250 g) were housed two per cage and exposed to a 14-hrllO-hr lightldark cycle. Purina rat chow and water were available ad libitum. Pituitary glands were removed after stunning and decapitation. Portions of excised anterior pituitary gland were fixed by 90 min of immersion in 4% paraformaldehyde, 0.1 M phosphate buffer, pH 7.4, and were then washed in buffer. The specimens were then divided into three parts: (a) the first for pre-embedding, (b) the second for frozen sections, and (c) the third for the post-embedding method.
Probe
The oligoprobe complementary to the GH mRNA was a 30-mer synthesized by solid-phase phosphoramidite chemistry and was generously provided by Dr. Brousseau (Biotech Research Institute, Montreal, Canada). The sequence of the oligoprobe was complementary to the codons of the mRNA from Gln 45 to Ser 54 (Cooke et al., 1980) . In this stretch, five amino acids present in GH are not found in prolactin (PRL). Our probe has only seven bases separated by a 15-base loop that can hybridize with the PRL mRNA and therefote has a high probability of being specific for GH "A.
The oligonucleotide was labeled by tailing of the 3' end using biotin-21 dUTF' (Clontech; Palo Alto, CA). Briefly, 60 pmol of the oligonucleotide were incubated for 2 hr at 37'C with 500 pmol of biotin-21 dUTP and 25 units of terminal deoxynucleotide transferase (Boehringer; Mannheim, Germany) in a fmal volume of 50 pl. The labeled probe was purified by ethanol precipitation.
In Situ Hybridization
The hybridization buffer was identical for the three methods and contained 50% deionized formamide, 10% dextran sulfate, 80 mM %is-HC1.4 mM EDTA, 0.6 M NaCl, 0.1% sodium pyrophosphate, 1 x Dendardt's solution (50 x = 1% bovine serum albumin, 1% Ficoll400, 1% polyvinylpyrrolidone), 250 pglml tRNA, and 10 pglml salmon sperm DNA.
Detection buffers were 0.1 Mphosphate buffer, pH 7.4, 0.65 M NaCI, 0.05% Tween 20, and 0.5% ovalbumin (Buffer A); 0.02 M Tris-HC1 pH 7.6, 0.65 M NaCI, 0.05% Tween 20, and 0.5% ovalbumin (Buffer B).
containing 10 pmollml of the biotinylated probe. Rinses were twice for 30 min each in 2 x SSC, 1 x SSC, and 0.5 x SSC at room temperature, and then the slices were immersed in PBS.
Biotin was detected with the avidin-biotin-peroxidase complex (ABC) (Vector; Burlingame, CA) as described in a previous report (Trembleau et al., 1991) by using a sensitive method modified from Arai et al. (1988) . Briefly, after apre-incubation for 30 min in 1% normal goat serum diluted in PBS containing 0.1% Triton X-100, the floating slices were incubated in ABC for 1 hr at room temperature, then in a biotinylated anti-avidin serum (Vector) diluted overnight at 4'C, and finally in ABC for 1 hr at room temperature. ABC and anti-avidin antibody were diluted in PBS. All incubations were followed by several washes in PBS. Finally, peroxidase was revealed by incubation of slices in 50 mM Tris-HCI buffer, pH 7.6, containing 0.025% DAB (Sigma; St. Louis. MO) and 0.006% H202.
The slices were then rinsed in PBS, post-fixed in osmium tetroxide, and embedded in Epon. Thin sections were stained with lead citrate.
Frozen Sections. After washing, the specimens were incubated for 30 min using 0.4 M sucrose as cryoprotectant and then frozen in a cold gradient offuming nitrogen (Biogel, CFPO; St Priest, France) to -4°C before total immersion in liquid nitrogen (Morel, 1991a) . Ultra-thin frozen sections were cut at -120'C on an Ultracut (Reichert; Vienna, Austria) fitted with a cryosectioning system FC4D. They were incubated for 3 hr at 37'C in hybridization buffer containing 4 pmol/ml biotinylated probe. Grids were then washed twice at room temperature in 2 x SSC, post-fixed in 4% paraformaldehyde for 5 min, and washed in PBS. To detect biotin, after washing in Buffer A (15 min). sections were incubated with a dilution of streptavidin conjugated with 5-or 15-nm gold particles (Biocell; Cardiff, UK) or with lo-* dilution of rabbit anti-biotin (Enzo; New York, NY) diluted in Buffer A. Then they were washed in Buffer B (15 min) and incubated with dilution of goat anti-rabbit immunoglobulin conjugated with 5-or 15-nm gold particles (Biocell) diluted in Buffer B, washed, and embedded in epoxy resin as previously described (Morel, 1991b) .
Post-embedding Method. After fixation, specimens were dehydrated for 1 hr each in ethanol 30% (at 4'C), SO%, 70%, 95%, and 100% (each at -2O'C)andwerei"encdat -2O'Cfor4hreachintwobathsofhicryl K4Mlethanol 100% (Ivllv and 2v/lv, respectively), followed by two baths in Lowicryl K4M (24 hr each). Polymerization was at 320 nm, for 24 hr at -2O'C. 24 hr at 4'C, and 48 hr at room temperature. Thin sections (100 nm) were mounted on collodion-coated nickel grids.
Thin sections were incubated 4 hr to overnight at 37'C in hybridization buffer containing 50-200 pmollml of probe. Rinses were for 15 min each in 50% formamide-2 x SSC, 2 x SSC, 1 x SSC at room temperature.
Three signal detection systems were tested. In the first system, the grids were incubated for 15 min in Buffer A, then for 2 hr in rabbit anti-biotin serum conjugated with colloidal gold particles of 5 nm (Biocell) diluted in Buffer A and rinsed for 15 min in the same buffer. For the second system, the rabbit anti-biotin serum was replaced by streptavidin conjugated with gold particles of 15 nm (Biocell). For the third system, the grids were incubated for 15 min in Buffer A, then for 2 hr in rabbit anti-biotin serum (Enzo), and rinsed for I5 min in the same buffer. The grids were incubated for 15 min in Bu&r B, then for 30 min in anti-rabbit serum conjugated with gold particles of 5 or 15 nm (Biocell) diluted 1:50 in Buffer B. and rinsed for 15 min in the same buffer. Thin sections were deposited for 5 min on a drop of 1% osmium tetroxide in 0.5 x SSC and rinsed rapidly in distilled water. Sections were stained with uranyl acetate.
F're-embedding Method. The fixed specimens were cut in 50-pm vibratome (Lancer) slices and immersed in 0.1 M phosphate-buffered saline Controls (0.15 M NaCI) (PBS). in situ hybridization was carried out according to a protocol described elsewhere ('Ikembleau et al., 1991) , as follows. Floating vibratome slices were incubated for 2 hr in the hybridization buffer.
Thereafter they were hybridized minight at 37'C in the hybridization buffer The in situ hybridization controls were performed using an excess (100 x ) of the same non-labeled oligonucleotide or using a non-labeled oligoprobe complementary to the prolactin mRNA in the hybridization buffcr. Moreover, all revelation processes were done without the hybridization step to check the background due to the detection process.
Results
With all the techniques used, GH mRNA molecules were mainly localized in anterior pituitary gland cells containing dense, spherical secretory granules of about 350 nm in diameter and in lamellar endoplasmic reticulum (Figures 1, 2, and 3) . No signal was detected with an excess of non-labeled GH oligonucleotide probe concomitantly with the labeled probe or with the hybridization buffer without probe followed by all revelation processes (not shown). When an excess of non-labeled prolactin oligoprobe was added to the hybridization buffer, labeling was observed in the same cells as described above.
Pre-embedding Method
The vibratome slices showed a cell specificity of the labeling (Figures  la and lb) . About 40% of the cells were labeled (Figure lb) . At the ultrastructural level, after epoxy resin embedding, these labeled cells were identified as somatotrophs. The chemical product of the peroxidase reaction was located in the cytoplasm, mainly where the lamellar endoplasmic reticulum was abundant (Figures IC and Id) . In these areas the staining intensity was heterogeneous between the lamellar reticulum. No labeling was observed in the reticular lumen. In the same way, no staining was observed on secretory granules and mitochondria.
Frozen Sections
When GH mRNA was hybridized on ultra-thin frozen sections, gold particles were observed near the endoplasmic reticulum and in the cytoplasmic matrix of somatotrophs (Figure 2) . No particles were observed in gonadotrophs, thyrotrophs, or corticotrophs. The labeling was more abundant when 5-nm gold particles were used (grain density 2.2 grains/pm2) ( Figure 2 ) instead of 15-nm gold particles (grain density 0.72 grains/pn*) (Figure 2 , inset). Using streptavidin ( W 2 dilution) or anti-biotin serum (lo-* dilution), similar results could be observed. Labeling heterogeneity was observed between the lamellar endoplasmic reticulum. No gold particles were observed on secretory granules and mitochondria.
Post-embedding Method
Lowicryl thin sections incubated with biotinylated oligonucleotide showed specific labeling in somatotrophs (Figure 3) . In all cases, no hybridization signal was observed with a probe concentration lower than 100 pmol/ml. The best sensitivity was obtained with the rabbit anti-biotin serum detected by anti-rabbit immunoglobulin conjugated with colloidal gold. With gold particles of 5 nm the grain density (without the background) was 2.9 grains/pm2 ( Figure 3) as compared with 1.7 grains/pn2 using gold particles of 15 nm (Figure 3, inset) . The detection of biotin with anti-biotin serum-colloidal gold or streptavidin conjugated with gold particles of 5 nm gave the lowest grain density (0.90 grains/p2). As described above, GH mRNA was located in the cytoplasm of somatotrophs and gold particles were generally associated with the rough endoplasmic reticulum (Figure 3) . No labeling was observed on other organelles.
Discussion
This study has demonstrated the expression of the GH gene in somatotrophs of the rat pituitary gland rat the ultrastructural level, using three in situ hybridization methods: pre-embedding, ultrathin frozen sections, and post-embedding. With all three methods, we observed labeling in the cytoplasm of somatotrophs and, more precisely, associated with the lamellar endoplasmic reticulum. We tried to optimize every method and compare the constraints, the pre-treatments, the hybridization conditions, the detection system, the sensitivity, and the ultrastructural preservation for each of these three methods.
With the pre-embedding method, hybridization must be carried out immediately after the fixation step, whereas with the two other methods it is possible to store the material after embedding in Lowicryl or after tissue freezing. This latter feature is very important in cases where study is centered on valuable specimens such as pathological tissues. For the three methods, paraformaldehyde was the best fixative. Previous reports (Le Guellec et al., 1991; Morel et al., 1991b) have shown that hybridization was inhibited when a concentration superior to 0.5 % glutaraldehyde was added. Trembleau et al. (1991) have shown that the addition of 0.1% glutaraldehyde to the fixative allowed the ultrastructural detection of mRNA with a tritiated probe but not with a biotinylated one. Usually chemical or enzymatic pre-treatment is necessary to allow penetration of the probe through the tissue. In our model, all pre-treatments were omitted in the three methods. Guitteny and Bloch (1989) and Trembleau et al. (1990) have demonstrated that oligonucleotide probes penetrate the entire depth of vibratome sections (50-200 pn), but it was necessary to incubate the sections in a detergent before the incubation with ABC and biotinylated anti-avidin serum to allow their penetration. With the post-embedding method, we observed that both oligonucleotides and cDNA can penetrate 50 pm Lowicryl sections only to the depth of a few micrometers. Although the pre-hybridization step seemed to ameliorate the results of the pre-embedding method, it was not necessary in the other two methods, as shown in previous works (Le Guellec et al., 1990; Morel et al., 1989a Morel et al., ,b,1991b .
The hybridization process was similar for the three methods. Vibratome or thin sections were incubated with the same hybridization buffer. The temperature of hybridization was identical. Only the probe concentration and hybridization time were different. For the pre-embedding method, 5 to 10 pmollml were necessary to detect a signal. For frozen thin sections, only 4 pmol/ml were sufficient. For the Lowicryl embedding method, no signal was obtained below 100 pmol/ml. These results indicate that the frozen thin section method is the most sensitive. Second is the preembedding method, and third the Lowicryl embedding method. The explanation for this is that the mRNA is easily accessible in the first method because it is not embedded in a resin and that the probe penetrates rapidly through the entire depth of the section. This is also true with the pre-embedding method, but vibratome sections are thicker and the probe may have some difficulty in reaching the &A, particularly when no pre-treatment has been performed. For specimens embedded in Lowicryl resin, both the accessibility and the preservation of mRNA are decreased. Hybridization time was between 3 hr and 16 hr. We have demonstrated in a previous study (Morel et al., 1989b ) that an incubation time of about 3 hr is sufficient to obtain good hybridization. For frozen sections, a 16-hr incubation time caused a decrease in ultrastructural preservation.
To detect biotin, several possibilities were tested. The best resolution was obtained with gold particles, but in the pre-embedding method neither colloidal gold nor antibodies could be used, because they exhibited low penetration through the tissue without addition of detergents, which could impair the ultrastructural preservation too much. For this reason, the avidin-biotin-peroxidase complex was used in the pre-embedding method and provided good sensitivity but lower resolution. In addition, this system of detection prevents quantitation of the labeling. The pre-embedding method is the only one that allows observation of the labeling on vibratome and semi-thin sections before observation at the ultrastructural level. For the other two methods, we used anti-biotin serum or streptavidin conjugated with gold particles, which gave an identical result with low sensitivity. In both cases, the best labeling was obtained using anti-biotin serum revealed by anti-immunoglobulin conjugated with colloidal gold. Labeling was more abundant when 5-nm gold particles were used rather than 1hm-1 gold particles. Compared with radiolabeled probes (Le Guellec et al., 1990; Morel et al., 1986 Morel et al., ,1989b Binder et al., 1986) , the labeling appears to be decreased but the resolution is better and the background is lower.
The cellular ultrastructural preservation is ddferent among the three methods and is dependent on the embedding medium used. The best preservation was obtained with the pre-embedding method, even when detergents were used at a low concentration, and preservation was lowest within frozen thin sections. Specimens embedded in Lowicryl exhibited lower ultrastructural preservation than those embedded in epoxy resin. We have tested in situ hybridization on Epon thin sections, but no labeling was observed.
In situ hybridization after tissue embedding in LR White or in other methacrylate resins has been described (Brangeon et al., 1989) . We have demonstrated in a previous study (Le Guellec et al., 1991) that the ultrastructural preservation of cells embedded in Lowicryl can be improved by quick-freezing and freeze-substitution and by embedding in methylcellulose or epoxy resin for frozen sections (Morel et al., 1991a) .
Finally, we have demonstrated that non-radioactive oligonucleotide probes allowed localization of mRNA at the ultrastructural level, using pre-embedding as well as frozen thin sections or h i c r y l embedding methods. The principal characteristics of the three methods are summarized in Table 1 . The main drawback of the pre-embedding method is the absence of a storage step; it is therefore necessary to carry out the entire process of the sampling. With this method, the resolution is lower, the sensitivity intermediate, and the ultrastructural preservation better than with the other two methods. It is the only method that allows visualization of the labeling before embedding and observation at the electron microscopic level. The frozen-section method provided the lowest ultrastructural preservation but the best sensitivity. It is also the fastest method. Resolution and storage are equivalent in the frozen-section and ihe Lowicryl method. In the latter, embedding is the critical step. The Lowicryl embedding method appears to provide the best compromise between ultrastructural preservation and sensitivity.
